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Monte Carlo stud  ies aimed at de  sign  ing a mod  u  lar 241Am-Be neu  tron irradiator for test  ing
neu tron  de tec tors  and  per sonal  do sim e ters  and  pro cess ing  large  vol ume  sam ples  are  re ported
in this study.
The eval  u  a  tion of the shapes and thick  nesses of the mod  er  a  tor and shield  ing ma  te  ri  als was
car  ried out by a MCNP5 Monte Carlo sim  u  la  tion code. The re  li  abil  ity of the sim  u  la  tion was
ex per i men tally ver i fied by the ac ti va tion of gold foils and TLD do sim e ter mea sure ments in an
ir  ra  di  a  tion cell placed at the cen  ter of the test con  fig  u  ra  tion.
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IN TRO DUC TION
Neu tron ir ra di a tion fa cil i ties are used world wide 
to in  ves  ti  gate ma  te  rial prop  er  ties or to test and cal  i  -
brate neu tron de tec tors and en vi ron men tal or per sonal
do  sim  e  ters. An irradiator based on neu  tron sources
can be more suit  able for these pur  poses be  cause of its
sta  ble neu  tron flux over time and the fact that, by
means of a proper choice of sources, a spec  i  fied neu  -
tron en  ergy spec  trum can be se  lected. These ad  van  -
tages may bal  ance the draw  backs of an in  trin  si  cally
low neu  tron flux value, even if it is many or  ders of
mag ni tude lower than that of a nu clear re ac tor or a par -
ti cle  ac cel er a tor. 
Many irradiators are based on ra  dio  iso  tope neu  -
tron sources (252Cf, 241Am-Be, 226Ra-Be, or other
sources) placed in fixed po  si  tions. Over time, their
neu tron  flux  char ac ter is tics  are  es tab lished.  How ever,
in some ap  pli ca  tions it may be very in  ter est ing to vary
ir ra di a tion  con di tions  and  set  the  prev a lence  of  ther -
mal, epi  ther  mal or fast neu  tron flux com  po  nents, e. g.
in  the  cal i bra tion  of  do sim e ters  or  neu tron  de tec tors.
Ir ra di a tion  fa cil i ties  based  on  241Am-Be sources with
these char  ac  ter  is  tics whose po  si  tions may be fixed or
mod  i  fied within a par  af  fin con  tainer so as to ir  ra  di  ate
sam  ples with a max  i  mum di  am  e  ter of 80 mm have al  -
ready been pro  posed [1-3].
In this study, a Monte Carlo (MC) sim  u  la  tion
was used to de  sign a new mod  u  lar fa  cil  ity based on
four 241Am-Be  sources  ca pa ble  of  both  ir ra di at ing
large vol  ume sam  ples and, also, mod  u  lat  ing neu  tron
flux com po nents. MC sim u la  tion is a valu  able tool for
eval u at ing the shapes and op ti mal thick nesses of ma te -
ri als  and  for  avoid ing  te dious  cal cu la tions  re quired  to
achieve de  sign goals, such as ob  tain  ing neu  tron ref  er  -
ence fields ac cord ing to the ISO8529 [4]. More over, it
takes into ac  count both the phys  i  cal pa  ram  e  ters of the
mod er a tor  and  shield ing  ma te ri als  (cross-sec tions,  in -
duced ra  dio  ac  tiv  ity and other), as well as the neu  tron
source  char ac ter is tics.
The  ex per i men tal  val i da tion  of  the  model  was
per  formed by com  par  i  son of the sim  u  lated and mea  -
sured neu  tron flux val  ues for a test con  fig  u  ra  tion re  al  -
ized by us ing the said four sources of 241Am-Be placed 
at fixed lo  ca  tions and by us  ing wa  ter as a mod  er  a  tor
and  bi o log i cal  shield ing.     
The fi  nal setup of the irradiator can be used to
study the re sponse of de tec tors and do sim e ters in var i -
ous fields – such as neu tron mea sure ments around a re -
ac  tor or a cy  clo  tron, in neu  tron ther  apy, as well as for
test ing ma te ri als, elec tronic com po nents and other de -
vices.
MONTE CARLO MOD  EL  ING OF
A NEU  TRON IRRADIATOR
Neu tron  trans port  sim u la tion  with  Monte  Carlo
codes is used to ver  ify the worth of var  i  ous ma  te  ri  als
and for op  ti  miz  ing thick  nesses. We used the MCNP
(Monte Carlo N-Par ti cle trans port) code, ver sion 5 [5], 
sup  plied by NEA and widely adopted to sim  u  late the
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*  Cor re spond ing au thor;  e-mail:  elio.tomarchio@unipa.ittrans port  of  neu trons  and  pho ton  in ter ac tions,  e.  g. in
[6-12]. It was im  ple  mented into the Win  dows op  er  at  -
ing sys  tem, to be used in per  sonal com  put  ers with dif  -
fer ent  com put ing  ca pa bil i ties  (in clud ing  that  of  the
Intel Core Quad CPU).
Re gard ing  the  ma te ri als,  we  have  con sid ered
wa ter,  graph ite,  poly eth yl ene,  poly eth yl ene  grains  (of
about 60% den  sity of the com  pact poly  eth  yl  ene).
Other  pos si ble  mod er a tors  were  ex cluded  be cause  of
their high cost.
The neu  tron flux was es  ti  mated us  ing tally F4
which cal  cu  lates the av  er  age flux over a cell (par  ti  cle
per cm2). The ab sorbed neu tron dose rate was ob tained 
through the tally F6 (MeV/g) which con  sid  ers the av  -
er age neu tron en ergy de po si tion over cell vol ume, i. e.
the en  ergy de  pos  ited per unit of the mass of the ma  te  -
rial.
For the said MC sim  u  la  tion, the neu  tron en  ergy
range was split into fol  low  ing in  ter  vals: a group of
ther mal  neu trons,  i.  e. all neu  trons with an en  ergy be  -
low the cad  mium cut  off en  ergy (0.5 eV), two epi  ther  -
mal  neu  tron  groups  (be  tween 0.5 eV and 0.1 MeV,
0.1 MeV, and 0.3 MeV) and three fast neu  tron groups
(of 0.3  MeV  to 1 MeV, from 1 MeV to 5 MeV, and
above 5 MeV). The en  ergy dis  tri  bu  tion from a
241Am-Be neu  tron source was given by ISO 8529 [4],
with the en ergy spec trum rang ing from 0.025 eV to 12
MeV and an av  er  age en  ergy of about 4.4 MeV. This
was con sid ered to be more help ful than the en ergy pro -
vided by the IAEA [13], as far as a more de  tailed de  -
scrip  tion of the spec  trum is in ques  tion. The en  ergy
groups pre  sented were cho  sen to as  sess the ef  fec  tive
dose out  side the irradiator, ac  cord  ing to the fac  tors
given in the ICRP Rec  om  men  da  tion No. 103 [14].
The  sim u la tion  anal y sis  al lowed  us  to  op ti mize
thick  nesses and to study a num  ber of com  bi  na  tions of
ma te ri als while tak ing into ac count the in tro duc tion of
air gaps be tween them. In par tic u lar, it has been shown
that, from a phys  i  cal point of view, the best mod  er  a  tor
is graph ite which al lows a higher ther mal neu tron flux
value at a thick ness rang ing from 4 to 6 cm. This is also 
con  firmed by com  par  ing the val  ues of the mod  er  at  ing
ra tio  Q = xSs/Sa, a mea  sure of the ca  pa  bil  ity of the
mod er a tor to spread with out ab sorb ing a great num ber
of neu  trons, with x,  the  av er age  log a rith mic  en ergy
loss,  Sa and Ss  ab sorp tion and scat ter ing  cross-sec tion
(m–1). A good mod  er  a  tor should have a value of Q as
large as pos  si  ble. The value of 192 for graph  ite is
higher than the 71 and 64 val  ues for wa  ter and
high-den sity  poly eth yl ene,  re spec tively  [15].  As  for
graph  ite and grains of poly  eth  yl  ene, the max  i  mum
value of the ther  mal neu  tron flux is ob  tained with a
slightly higher thick  ness (4-6 cm), while with
high-den sity  poly eth yl ene  and  wa ter  the  max i mum
ther mal  neu tron  flux  com po nent  prev a lence  is  ob -
tained at a depth of about 3 cm.  Nev  er  the  less, for wa  -
ter and high-den  sity poly  eth  yl  ene, the flux value is
lower be  cause of their ab  sorp  tion prop  er  ties. 
Since the larg  est un  cer  tainty in MC mod  el  ing is
as  so  ci  ated with the lack of in  for  ma  tion on the struc  -
ture of avail able 241Am-Be neu tron sources, ex cept for 
a few data sup  plied by the man  u  fac  turer, a sim  pli  fied
test con fig u ra tion (TC) to ver ify the va lid ity of mod el -
ing was re  al  ized. 
The TC con  sists of a PVC con  tainer and a plexi -
glas struc ture placed in side it. The sources were placed 
in  side plexi  glas tubes held by three square plexi  glas
plates (sides: 14 cm), while a plexi  glas pipe placed at
the cen  ter of the struc  ture was used as an ir  ra  di  a  tion
cell. 241Am-Be neu  tron sources (each of 111 GBq ac  -
tiv  ity,  neu  tron emis  sion: 7×106 s–1)  were  re al is ti cally
mod eled as a cyl in  der  (43 mm in length and 20 mm in
di  am  e  ter), coated with a me  tal  lic al  loy. Am-Be neu  -
tron sources emit no pen e trat ing gamma rays (~60 keV 
is the dom i nant gamma emis sion, strength 2.25×107 s–1
per GBq), ex  cept for the 4.438 MeV gamma rays re  -
sult ing  from  the  de-ex ci ta tion  of  12C, the higher en  -
ergy of the gamma spec  trum, emit  ted with a strength
of 0.57 gamma per neu  tron [16]. 
The re  main  ing space in  side the con  tainer was
filled with wa  ter which acted both as a mod  er  a  tor and
as a  bi o log i cal  shield ing.  This  type  of  con fig u ra tion  is
char  ac  ter  ized by a prev  a  lence of the ther  mal neu  tron
flux com  po  nent. The sche  matic of the Monte Carlo
model is given in fig. 1. 
Our MCNP5 val  i  da  tion was car  ried out by ir  ra  -
di at ing  thermoluminescent  do sim e ters  (TLD600  and
TLD700, in pairs) and 2 sets of 5 gold foils (di  am  e  ter
1.3 cm, weigh ing ap prox i mately 0.6 g each), housed in 
a plexi  glas sam  ple holder, bare and cov  ered with cad  -
mium. The ir ra di a tion of TLD do sim e ters lasted about
1 hour, 24 hours in the case of bare gold foils, and
about 4 days in the case of cad mium cov ered foils. The
gold sam  ples were an  a  lyzed by gamma-ray spec trom  -
e  try, us  ing the sys  tem based on an ORTEC HPGe de  -
tec tor with a 60% rel a tive ef fi ciency de scribed in [17].
The ef  fi  ciency of the de  tec  tion sys  tems was de  ter  -
mined at a dis  tance of 25 cm from the point source of
152Eu (with ref  er  ence to 411 keV gamma emis  sions).
Gamma ray spec tra de tected on the ir ra di ated bare and
cad  mium-cov  ered gold foils are re  ported in fig. 2. 
The val  ues of ther  mal and epi  ther  mal-fast neu  -
tron flux com  po  nents in a TC ir  ra  di  a  tion cell were de  -
ter  mined by ap  ply  ing the well-known cad mium-dif -
fer ence method. At the end of ir  ra  di  a  tion time (EOI),
the  ac tiv ity  (A0) of a gold foil can be cal  cu  lated by the
re la tion
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where, with ref er ence to the 411 keV gamma emis sion
of 
198Au,  C is the photopeak area mea  sured in real
count ing  time  Tr,  e – the full-en  ergy peak ef  fi  ciency, I
– the gamma-ray emis  sion prob  a  bil  ity, l – the de  cay
con stant  of 
198Au,  Tw – the de  cay time be  tween EOI
and the start of count  ing.  A0 – the ac  tiv  i  ties re  lated to
bare foils and cad  mium-cov  ered ones should be con  -
sid  ered equal to
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where, NA is the Avo  ga  dro's con  stant, M – the atomic
weight, mbare and mcov ered are the masses [g] of the foils, 
sc
o  is the ra  dio  ac  tive cap  ture cross-sec  tion of gold at
2200 ms
–1, Ft and Fe are the ther  mal and epi  ther  mal
flux,  Ig  [b
*] is the  cap ture  res o nance  in te gral of  gold, 
Tirr  –  ir ra di a tion  time,  and  15.2  the  av er ag ing  co ef fi -
cient in the epi  ther  mal-fast neu  tron en  ergy re  gion
(0.5-2.5×10
6 eV), as sum ing that the neu tron flux shows 
a 1/En  en ergy  de pend ence. 
The com par i son be tween the neu tron flux val ues 
de rived  from  the  sim u la tions  and  the  ex per i men tal
ones is shown in fig. 3, with re  spect to rel  e  vant po  si  -
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Fig  ure 1.  MCNP5 model of the test con  fig  u  ra  tion  with four sources placed  in  side plexi  glas rods im  mersed in wa  ter
Fig  ure 2. Gamma-ray spec  tra of ir  ra  di  ated bare and
cad  mium cov  ered gold foils
Fig  ure 3.  Ther  mal neu  tron fluxes with re  spect to
po  si  tion along the axis of  ir  ra  di  a  tion cell of  the test
con fig u ra tion  sche mat i cally  rep re sented  in  the  in sert;
MCNP5 sim  u  la  tion was car  ried out with four 111 GBq 
241Am-Be sources
*1 b = 10
–28 m
2tions along the axis of the ir ra di a tion cell. The neu tron
flux at these po si tions where the foils or the TLD were
placed was mod eled to take into con sid er ation the flux
per  tur  ba  tion due to their pres  ence. 
Mea  sure  ments of the ther  mal neu  tron dose by
means of gold foils and TLD do  sim  e  ters con  firm the
use  ful  ness of the MC source-sim  u  la  tion model. Our
study in  di  cates that the larg  est dis  crep  ancy be  tween
the  sim u lated  and  ex per i men tal  val ues  for  wa ter  is
lower than 15%. Thus, tak  ing into ac  count pos  si  ble
dif fer ences be tween the model and ir ra di a tion ge om e -
try due to the na ture of the metal source con tain ers, the
thick  nesses of the plexi  glas source holder (3 mm) and
the sup  port struc  tures of the pipes them  selves, are to
be  con sid ered  ac cept able.   
FI  NAL DE  SIGN AND FIRST DOSE
MEA SURE MENT  TESTS
A de sign pro  cess by means of a MCNP5 sim u la  -
tion was started tak  ing into ac  count the val  i  dated neu  -
tron source model, al  ready men  tioned mod  u  lar  ity
needs  and  cer tain  re quire ments.  The  sep a ra tion  be -
tween  the  ir ra di a tion  and  source-re cov ery  po si tions
was spec  i  fied as a pri  or  ity in the de  sign of our fi  nal
con fig u ra tion.  In  this  man ner,  the  safety  re quire ments
for the op  er  a  tors to se  curely make the nec  es  sary
changes in the ir  ra  di  a  tion cav  ity with sources re  cov  -
ered and shielded in a suit able con tainer are met. A fur -
ther re  quire  ment is the pos  si  bil  ity of ob  tain  ing a neu  -
tron flux char  ac  ter  ized by ther  mal or fast neu  tron
prev  a  lence, sim  ply by the easy po  si  tion  ing of com  po  -
nents. The neu  tron flux within the ir  ra  di  a  tion cell
should be as uni  form as pos  si  ble, so that a con  stant
neu  tron flux den  sity in the sam  ple vol  ume or the do  -
sim e ter to be ir ra di ated can be as sumed, apart from the
sam ple self-at ten u a tion that must also be taken into ac -
count.
Each of the sources must be easy to han dle, with -
out com  plex pro  ce  dures for their re  cov  ery, while the
size of the ir  ra  di  a  tion cav  ity should be suf  fi  cient
enough to al  low the place  ment of large sam  ples/test  -
ing  of  in di vid ual  do sim e ters  placed  on  an thro po mor -
phic phan  toms. From a ra  di  a  tion pro  tec  tion point of
view, the con straint is that the max i mum ef fec tive dose 
value out  side the irradiator must not ex  ceed the pop  u  -
la  tion dose limit value or be time-lim  ited, whether the
sources are ex  posed or re  cov  ered in a shielded box. 
The con fig u ra tion that best meets the men tioned
re quire ments con sists of an ir ra di a tion box and a sep a -
rate source-re  cov  ery box al  low  ing for the safe prep  a  -
ra tion  of  the  re quired  ar range ment.  MC  sim u la tion
was used for the eval  u a tion of the ba sic fea  tures of the
con fig u ra tion ex am ined (thick nesses, fluxes, doses …
and so on). For this pur  pose, sev  eral tests per  formed
with the MCNP5 code were car ried out (more than 100 
runs, the min  i  mum num  ber of sto  ries ex  am  ined per
each test: 1×108, to  tal pro  cess  ing time not less than
1200 h, tak ing into ac count the time needed for par tic -
u lar  per sonal  com put ers).  The  sche matic  di a gram  of
the  fi nal  con fig u ra tion  of  the  mod u lar  neu tron
irradiator (MNI) is shown in fig. 4. The fi  nal draft is a
re  sult of a com  pro  mise be  tween the best fea  tures de  -
signed by MCNP5 and what is re quired for the re al iza -
tion of the set goals. A high-den  sity poly  eth  yl  ene was
cho sen as a mod er a tor be cause the pro cess ing of parts,
de tach able  and  re con fig ur able,  is  eas ier  with out  the
in ter ven tion  of  com plex  struc tures  for  their  prac ti cal
re  al  iza  tion. Fur  ther  more, it meets the con  straints of a
min i mum  over all  size  of  the  ap pa ra tus.
The ir ra di a tion cell of the MNI is ob tained at the
cen  ter of a poly  eth  yl  ene cube (sides: 80 cm) de  signed
so that it is pos si ble to change its geo met ri cal con fig u -
ra  tion to gen  er  ate ei  ther the fast or ther  mal neu  tron
flux prev a lence. In deed, a large por tion of the poly eth -
yl ene mod er a tor, in clud ing the cap, can be re moved to
ir ra di ate large vol ume sam ples or test de tec tors on dif -
fer  ent phan  toms or other sup  ports. The di  men  sions of
the cav ity range be tween a min i mum of 10 cm in di am -
e  ter and a height of 15 cm, up to a hol  low cube with
sides of 40 cm (fast flux prev  a  lence con  fig  u  ra  tion).
The sources are housed in pairs of two, prop  erly
spaced, han dled by suit able source-con tainer stain less
steel rods and can be ex posed for the time nec es sary to
ob  tain a given value of the dose.
Ir  ra  di  a  tion time value can be set on a timer and,
once it ex pires, elec tric mo tors will au to mat i cally pro -
vide the re  cov  ery of the sources. 
 The flex  i  bil  ity of the in  ner parts of the MNI al  -
lows for a se lec tion of the source setup, so as to gen er -
ate sym  met  ric or asym  met  ric neu tron fields by a com  -
bi  na  tion of poly  eth  yl  ene bricks and one or two source
rods. As a bi  o  log  i  cal shield  ing, con  crete bricks sur  -
round  ing the sides of both ir  ra  di  a  tion and re  cov  ery
con tain ers, were used. As dem on strated by the sim u la -
tion, the den sity of the con crete must be as sumed to be
equiv  a  lent to 2.3 g/cm3, as a vari  a  tion of den  sity from
2.3 g/cm3 to 1.6 g/cm3 leads to an in  crease in the out  -
side dose of more than 80%.
Neu  tron fluxes (ther  mal or fast) are al  most uni  -
form  in side  the  cav ity  of  ir ra di a tion.  The  be hav ior  of
pre dicted neu tron fluxes (nor mal ized to the num ber of
neu  trons emit  ted), eval  u  ated by the MCNP5 sim  u  la  -
tion at cer tain rep re sen ta tive points of the MNI ir ra di a -
tion cell, are given in figs. 5 and 6. To  tal and ther  mal
neu tron flux eval u a tions, 1.0×105 cm–2s–1 and 5.25 ×104
cm–2s–1, re  spec  tively, are still many or  ders of mag  ni  -
tude lower than those per tain ing to a nu clear re ac tor. 
Our sim  u  la  tion re  sults show that the av  er  age
value of the ef  fec  tive dose rate out  side the ir  ra  di  a  tion
box is 8.9 mSv/ h for the fast flux prev a lence con fig u ra -
tion and 1.2 mSv/h for the ther mal flux prev a lence. The 
neu tron con tri bu tion to the dose is prev a lent in the fast
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is the more sig  nif  i  cant com  po  nent in the ther  mal con  -
fig u ra tion  (0.73  mSv/h). 
The re  cov  ery fa  cil  ity con  sists of a spe  cial fi  ber  -
glass con  tainer filled with bo  rated wa  ter sur  rounded
by thick con  crete. A wa  ter  tight open  ing in the con  -
tainer per  mits the cross  ing of source rods. On the out  -
side of the re  cov  ery box, the ef  fec  tive dose rate on
each of the faces of the cu bic con crete shield ing ranges 
be tween 0.12 (edges) up to 1.71 mSv/h (cen ter). The fi -
nal value leads to an an  nual ef  fec  tive dose lower than
0.5 mSv, with no limit on oc  cu  pancy time around the
fa cil ity. 
The  con tri bu tion  of  gamma  ra di a tion  with  dose
val  ues rang  ing be  tween 0.007 to 0.06 mSv/h, mainly
re lated to 2.23 MeV gamma ra  di a tion pro duced by the
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Fig  ure 4.  Sche  matic di  a  gram of  the fi  nal con  fig  u  ra  tion of MNIra dio ac tive  cap ture  by  hy dro gen  in  the  re cov ery  con -
tainer, is hardly of any sig nif i cance. These val ues were 
de  ter  mined with a 3% bo  ric acid con  cen  tra  tion in wa  -
ter. It should be noted that a change in con cen tra tion of
up  to  4.5% does not lead to a sig  nif  i  cant de  crease of
the  val  ues  of  the  ef  fec  tive  dose  rate,  rang  ing  from
2.3 mSv/h with  out bo  ric acid (0%) up to 1.71 mSv/h 
(4.5%). A con sid er able de crease, in stead, oc curs in the 
gamma com  po  nent, within the range of  0.74 mSv/h to
that of 0.060 mSv/h (4.5%), prob  a  bly due to an in  -
crease of neu  tron cap  ture in wa  ter with re  spect to the
con cur rent  ra dio ac tive  cap ture  re ac tion  with  hy dro -
gen.
Nu mer i cal  sim u la tions  are  very  use ful  for  de -
sign  ing and ver  i  fy  ing, as well as for op  ti  miz  ing tool
con  fig  u  ra  tions. In fact, in or  der to im  prove the main
flux  char ac ter is tics,  MC  sim u la tion  was  also  used  to
op  ti  mize the dis  tance be  tween the sources in  side the
rods. For sym me try, the sources were placed in side the 
me  dian plane of the ir  ra  di  a  tion cham  ber, as shown in
fig. 4, so that their po  si  tions could be var  ied in  side the
rods them  selves. To ver  ify the ef  fect of the dis  tance
be  tween the sources on neu  tron flux be  hav  ior along
the z-axis of the ir  ra  di  a  tion cav  ity, some MC sim  u  la  -
tions were car  ried out by means of fol  low  ing con  fig  u -
ra tions: 
– sources placed at –5 cm and 5 cm po  si  tions along
the source holder axis (dis  tance be  tween the
sources: 10 cm; the or i gin of the source holder axis 
(0 cm) is the point cor re spond ing to the axis of the
ir ra di a tion  cav ity  (see  fig.  4),
– sources placed at –6 cm and 6 cm (dis  tance be  -
tween the sources: 12 cm), and
– sources placed at –7 cm and 7 cm (dis  tance be  -
tween the sources: 14 cm).
As high lighted in figs. 7 and 8, the con fig u ra tion
that pro  vides a flow value higher at the cen  ter of the
cell of ir  ra  di  a  tion is the first cited one (10 cm). How  -
ever, at a dis tance of 12 cm or 14 cm, there was a more
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Fig  ure 5.  Be  hav  ior of pre  dicted nor  mal  ized neu  tron
fluence  in  MNI with re  spect to dis  tance along x-axis
from the cen  ter of the ir  ra  di  a  tion cav  ity; the plane sec  -
tion con  sid  ered does not in  clude any source; MCNP5
sim u la tion  with  empty  cav ity  ir ra di a tion  and  neu tron
sources in  side a com  pact  poly  eth  yl  ene cube – ther  mal
neu tron  flux  prev a lence
Fig  ure 6.  Be  hav  ior of pre  dicted nor  mal  ized neu  tron
fluence  in MNI  with re  spect to dis  tance along x-axis
from the cen  ter of the ir  ra  di  a  tion cav  ity; the plane sec  -
tion con  sid  ered does not in  clude any source; MCNP5
sim u la tion  with  empty  cav ity  ir ra di a tion  and  neu tron
sources in air – fast neu  tron flux prev  a  lence
Fig  ure 7.  Be  hav  ior  of  MCNP5-pre  dicted nor  mal  ized
neu  tron fluence in  MNI  with re  spect to dis  tance on the
axis  of  the  ir ra di a tion  cav ity;  MCNP5  sim u la tion  with
empty  cav ity  ir ra di a tion  and  neu tron  sources  in side  a
com pact poly  eth yl  ene cube – ther mal neu  tron flux prev -
a lencepro nounced  dis crim i na tion  be tween  the  ther mal  and
fast neu  tron fluxes. In these in  stances, an op  ti  mized
dis  tance of 10 cm was cho  sen for the fi  nal con  fig  u  ra  -
tion. How  ever, the re  sults of sim  u  la  tions with other
dis  tances should be taken into ac  count on a case to
case ba  sis.
As a ref  er  ence ac  ci  dent, a com  plete break with
the emp  ty  ing of the bo  rated wa  ter con  tainer was as  -
sumed.  Ac ci dent  sim u la tion  anal y sis  as sesses  dose
val ues rang ing from 15 to  138 mSv/h for neu tron com -
po  nents and those from 0.3 to 2.3 mSv/h, for gamma
com  po  nents. Both ranges can still be con  sid  ered ac  -
cept able, if both the prob a bil ity of the oc cur rence of an 
ac ci dent  and  the  op er a tor  pres ence-time  near  the
irradiator are taken into con  sid  er  ation. How  ever, to
pre vent  an  ac ci dent,  a  wa ter  level  in di ca tor  mon i tors
the re  cov  ery of the wa  ter level and an alarm is ac  ti  -
vated if the level is too low. In the lat ter case, an op er a -
tor will trans  fer the sources into a third emer  gency
con  tainer filled with wa  ter, thus al  low  ing the tech  ni  -
cians to safely re  pair the equip  ment.
To  check  the  ac ti va tion  ef fects  on  poly eth yl ene
and stain less steel af ter 15 years of con tin u ous ir ra di a -
tion, in  duced ac tiv i  ties were eval  u ated. For both types
of used steels, AISI 304 and AISI 316, in  duced ac  tiv  -
ity val  ues are sig  nif  i  cant for short-lived radionuclides
(lower than 30 Bq for 56Mn and 15 Bq for 59Fe) while,
in the case of 55Fe, whose gamma emis  sion en  ergy is
very low, the in  duced ac  tiv  ity val  ues in only 9 Bq.
Spec tro met ric  mea sure ments  of  sam ples  ir ra di ated  in
the chan nel of the AGN-201 COSTANZA re search re -
ac  tor [18] for about 2 hours, with a ther  mal neu  tron
flux of about 2.5 108 cm–2s–1, equiv a lent to a 1-year in -
te  grated dose of a neu  tron irradiator, high  lighted only
ra  dio  ac  tive spe  cies with a short half-life. 
Ini tial  ex per i men tal  dose  tests  were  per formed
by ir ra di at ing a se ries of BD-PND and BDT bub ble de -
tec tors  (Bub ble  Tech nol ogy  Inc.),  TLD  do sim e ters
and gold foils. The mean value of 5×104 ± 15% cm–2s–1
for the ther  mal neu  tron flux proved to be near the pre  -
dicted value. For the fast con  fig  u  ra  tions, suit  able
BD-PND de tec tors and CR39 do sim e ters fur nished an
av  er  age value of 3.5×104 ± 20% cm–2s–1, with an er  ror
of 26% in re spect to the sim u la tion value. To as sess the
ex per i men tal  de ter mi na tion  of  neu tron  flux  val ues  to
be  con sid ered  as  cal i bra tion  data,  fur ther  ex per i ments
and  cal i bra tion  pro ce dures  (as  re ported,  e.  g. in [19])
are also in prog  ress.
CON CLU SIONS
The avail abil ity of a mod u lar neu tron irradiator
al lows  the  cal i bra tion  of  neu tron  de tec tors  and  do -
sim  e  ters, as well as the test  ing of ma  te  ri  als and de  -
vices  out side  the  nu clear  re ac tor.  The  flex i bil ity  of
the ir ra di a tion fa cil ity re gard ing the pa ram e ters of the 
set ting  per mits  the  achieve ment  of  fa vor able  ir ra di a -
tion  con di tions,  al though  ab so lute  neu tron  flux  val -
ues achieved are still many or  ders of mag  ni  tude
lower than those of com  plex re  ac  tors or ac  cel  er  a  -
tor-based plants.
Monte Carlo sim  u  la  tion is, thus, con  firmed as a
use  ful tech  nique for study  ing neu  tron irradiators with
dif fer ent  con fig u ra tions  and  the  pre lim i nary  as sess -
ment  of  neu tron  flux  char ac ter is tics  orig i nat ing  from
var i ous  sources.
By  iden ti fy ing  the  most  prom is ing  fa cil ity  as -
sess  ment, the stud  ied model can also be use  ful for
plan ning  fu ture  re searches  or  par tic u lar  ap pli ca tions
of  neu tron  ir ra di a tion.
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Fig  ure 8.  Be  hav  ior  of  MCNP5-pre  dicted nor  mal  ized
neu  tron fluence in MNI  with re  spect to dis  tance on the
axis  of  the  ir ra di a tion  cav ity;  MCNP5  sim u la tion  with
empty cav ity ir ra di a tion and neu tron sources in air – fast 
neu tron  flux  prev a lenceREF ER ENCES
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Pjetro BUFA, Salvatore RICO, Elio TOMARKIO
MONTE  KARLO  DIZAJN  MODULARNOG  241Am-Be  NEUTRONSKOG  OZRA^IVA^A
U ovom radu prikazano je prou~avawe usmereno ka dizajnirawu modularnog 241Am-Be
neutronskog ozra~iva~a uz pomo} Monte Karlo metode za testirawe neutronskih detektora i
li~nih dozimetara i obrade velikih koli~ina uzoraka. Ura|ena je procena oblika i debqine
moderatora i za{titnih materijala uz pomo} Monte Karlo programskog paketa za simulaciju
MCNP5. Pouzdanost simulacije je eksperimentalno potvr|ena aktivirawem zlatnih folija i
merewima termoluminescentnim dozimetrima u ozra~enoj }eliji postavqenoj u centru
konfiguracije za testirawe.
Kqu~ne re~i: neutronski ozra~iva~, 241Am-Be izvor, Monte Karlo metoda